SUB-MILLIARCSECOND ASTROMETRY
WITH P’HA SE-REF 1kRIENCED VI 2131

Dayton 1,. JONES', Jean-Irancois LESTRADE?)
Robert A. PrRESTON!, and Robert B. 11111,1,11°s°

LJet Propulsion Laboratory, California Institule of Technology, USA
2Qbscrvaloive de Meudon, FRANCI:
3 Haystack Obscrvatory, USA

Abstract

Astromnetric VLBl observations of radio stars are being mnade to
€Ol pect the llipparcos optical reference frame and the extragalactic
radio rcference frame. Thic antennas arc switched hetween a star and
a strong, compact reference source a few degrees away cvery 2-3 min-
ules. After corrclation, the strong reference source fringes arc used
to determine the exact. delay and rate of the weak radio star fringes,
allowing the visibilities to be mcasured and coherently integrated for
the duration of the experiient. As a result accurate astrometry has
beenpossible 011 radio stars with flux densities as low as 2mJy. All
five astrometric parameters (two positions, two proper motions, and
one parallax) have been obtained for several stars,withforinal errors
and epoch-to epoch residuals less than 1 milliaresccond.

1 Introduction

Technical advances in Very Long Baseline Interferometry (VIBI) with
the Mark-n] data acquisition system (R ocrrs et 01., 1983) have provided
suflicient sensitivity to reliably detect radio-emitting stars over thelast few
years. There are about 400 stars that exhi bit radio emission as compiled by
WENDKER (1987). About half of th ese stars exhibit thermal free-free emis-
sion from very large ionized circumstellar enivelops that arc fully resolved
by VI.BI observations. The other stars exhibit non-thermal radio emission
(gyrosynchrotron, synchrotron, coherent emission mechanisins) with typi-
cal source sizes of a few milliarcseconds (inas) or less. These non-thermal




radio-emitting stars belong to a wide variety of physical classes, ¢.¢. X-ray,
RS CVn, Algol, dMe, FK Comn, T Tauri. Most of these stars have radio flux
densities of only a few mnilli Jansky (1nJy) or less, . ¢., 100-1000 times Wea key
than compact extragalactic radio sources usually observed by VLBI. Nev-
ertheless, 30 st ars can be detected by phase referenced VY observations
and this number will grow with future improvements of the technique.

We have sclected 11 radio emitting stars with non- thermal emission (7
RS CVu, 2 X-ray and 2 Pre-Main-Sequence stars) for a high-accuracy V9BI
astrometric monitoring p rog rai n insupport of the Hipparcos mission. The
motivati on of this progran is {o micasure the radio positions and proper
motions of radio stars which are optically bright enougli to be observed
by the Hipparcos satellite.  This will allow us link the future Hipparcos
optical reference frame to an extragalactic quasi- inertial reference system
(I BSTRADE ¢l al., 1992).

2 IPhase-Referenced V1,131

The coherence timein standard VLBI is limited to less than ~ IH minutes
al centim cter waveleng th s by the independent frequency standards at the
different antennas. Conscequently, the observed radio source nust have a
flux density high enough to be detected during a similar integration time.
At the VLBI processor, the cross-correlation of the recorded signals leads
to the mecasurement Of the amplitude and phase of the complex visibility
induced by the Sourer brightness distribut ion convolved with the bea mn of
the anteuna pair for the duration of cachintegration period.

Whenra radio source is SO weak that it cannot be detected within a e
minutes, once has to resort to the phase-referencing VEBI technigue. This al-
lows multiple scans 1o be combined in a single colierent integration period, as
we have demonstrated by our lipparcos-related VLB astrometric program.
A reference for th e VIBI phase must be established by observing an angu-
larly ncarby stron g extragalactic source alternately with the weak program
source using aswitching time of 2-3 minutes (less than the coherence time).
Such a phase referencing technique allows increased sensitivity through usc
of much loriger integration times (several hours) with minimum coherence
loss. This strategy also allows high-accuracy differential astrometry because
the prime observable used is the VLB I phase. ‘T'he phasc-referencing V1,131
technique as applied in our radio star astrometry program is described in
detail in LEsTRADE ¢ [/77. (1990).



3 VI.BI Observations of the Radio Star ¢2CrB

02 CrB is an RS CVn closc binary whose orbital notion has a period of
1.1 day and ascmimajor axis of 0.3 mnas(BArRDEN, 1985). Phascreferenced
VI3 observations of 00 CrB3 were conducted at 1 2 epochs between May
1987 and August 1992, ‘1'lime epochs are listed inlable].

TABLEE 1 VLBI Observations of o? CrB3 at 12 Fpochs

Obser.  Orbital phase  Ivequency  Flux density
Date (cycle) (Gllz) (mly)
87/05/76 0.56 50 10
88/11/16 0.93 5.0 28
89/04/1 3 0.25 5.0 7
90/04/?1 0.53 8.1 6
90/11/16 0.37 5.0 3.8
91/04/12 0.86 8.4 19.5
91/09/14 0.53 5.0 4.3
92/01/15 .88 8.4 1.6
92/04/05 0.96 8.4 1s
92,/04 /22 0.76 8.4 6
92/06/0s 0.89 5.0 13
92/08/03 0.06 8.4 8.3

The {otal data integration times were between 5 and 8 hou rs at, cach
cpochi. The Mark-111 VLI data acquisition system was used to record  a
bandwidth of 28 MHz (R 0GERS ¢l al., 1983); the corresponding detection
till'mllol(l is about 2 1nJy (1(10). Cross-correlation of the recordedsignals was
carriedout onthie Mark-11I VLBl pro cessor at ill? Haysta ck Observa tory.

The b astrometr ic parametors of o? Crl3 (2 coordinates, 2 proper motion
compon ents, and parallax) were estimated by a least squares fit to the 24
coordinates measured at the 12 epochs. The uncertainties of the measured
VI.BI coordinates were set to 0.2 mas to make the reduced-y? close to unity
for the number of degrees of freedominthe fit (19). The weighted rins of
the post-fit coordinate residuals is ().’2 mas. With such an adjustment, the
formal uncertaintic s for the 5 fitted parameters are 0.08 mas for the relative
position between 0? CrB3and the reference source 1611-1343,0.04 m as/yecar
for the proper motion, and 0.08 as for the trigonometric parallax. The
correlation matrix indicates that the b parameters are well separated.

The number of degree of freedom (19) is high enough to mnake the sta-
tistical significance of the formal uncertaintics reliable. Various tests have



been made for the robustness of the solution. Onctesthas been to make
two separate astrometric solutions, one with the first 6 epochs and one with
the last G cpochs of obscrvations. ‘Jable 11 below indicat es t he parameter
differences between the two  Solutions.

TABLE 11 Differences Belween T'wo Astrometric Solutions

Parameter Differences o \/o]’ 1o}
‘Ac -10.18 mnas 1.00
Ab - 0.32 mas 1.5a
A, -10.02 mas/yr 0.20
A -0.14 mas/yr 1.50
An 0.01  mas 0.10

Also, the 5 astromctric paramcters of o? CrB determined by V9LBI
match, within uncertainties, the best (but less precise) optical determina-

tions.

4 Implications fen’ Plancts Orbiting o?Crl3

The lack of a sinusoidal sighature inithe post-fit coordinates residuals
sets alimit on the presence of plarniets around o? CrB. The rins of these
post-fit residuals (0.2 mas) can be taken asanupperlimit on any systemnatic
departure from lincar motion for the star. Interestingly, the present acc uracy
of our VLBI mecasurement corresponds exactly to the detection threshold
for a Jupiter-like planet around o CrB3 when 12 years of data have been
collected .

This interpretation is optimistic since BLack ANt Scarare (1982) note
that the the fitted linear proper motion absorbs part of the planctary pertur-
bation. These authors show that with observatio ns samnpling a single orbital
period, the amplitude of the planctary perturbation is underestimated by as
much as 47%. However, if the classical model(position, proper motionand
trigonometric parallax) is complementedby a sinusoidal functionandthe
a priort value.s for the amplitude, period and phase ¢l osen to cover a large
volume of the parameter space, 110 absorption of the planetary perturbation
would occur and the 3 additional parameters can be fitted.

The location and stability of the radio centroid within the spectrocopic
binary is a crucial question. There is no detailed model of the radio emitting




region that can be used to derive this stability. 1 tmust be determined
obscrvationally and the rins of our post-fit coordinate residuals (0.2 mas
or 1Rgato? CrB)can also beinterpreted as amncasure of this stability.
If the radio emission is coincident with one of the stars as expected, then
the astrometric error induced by its motion arou nd the other star could be
reduced dramatically by solving for the binary motion. We have confirmed
that the radio emission isindeed associated with asingle star inthe Algol
system (I, ESTRADE ¢t al., 1 993).

5 Future VILBI Astrometric Obscrvations

As aby-product of our llipparcos program, we have demonstrated that
phase-referenced V1Bl observations of the radio star o? C B can achieve an
astrometric precision of ().2 mas (post-fit position residuals). Similar results
have been obtained for the other stars of our Hipparcos program but with
an astrometric precision 3 to o times larger. The best result is for o? CrB3
because the angular separation between this star and the reference source
used is the smallest (().50).

The theoretical astrometric precision (SNR- limited) for phase referenced
interferometry is

1 1A

2% SNR 13 (1)

0(1,6 -

(TnoMrsoN, MORAN and SWENSON, 1986). I'or our obscrvations, o, 5 1S
< 26 microarcseconds with /3: 3000 ki, A: 3.6 cin,and SNR > 15.

"The astrometric precision achieved for o2 CrB is several times the SNR-
liinited precision calculated above. There are at least four systematic error
sources that prevent cur rent observations from reaching this ultimate pre-
cision: 1) thie extrapolation of the reference source VIBI phase in b cam-
switched observations to the time of the star observation, 2) the diflerential
contribution of the at mosphere aud ionosphere along the lines of sight to
the reference source and target star, 3) the radio morphology of the ref-
crence source and, possibly, of the star, and 4) the orbitalnotion of the
subgiant star (in binary systems). During the next 1-2 years, we intend to
study the best approach to reducing these systematic errors. Our current ef-
fork include faster antennaswitching, iinprovedionosphere and troposphere
models, finding closer reference sources, mmapping reference source structure,
andthe inclusion of orbital motions in our astrornetric fits.




6 summary

Over the next two years, we plan to use one star, 0? CrB3,as a test)-1)d
to red uce the present systematic errors in our astrometric micasurements
and, possibly, reach the SNR-Himited p recision of 20-30 microareseconds on
US- continental baselines. The sensitive Deep Space Network 70-m antenna
al Goldstone along with the continental US VI, BA ant ennas will provide a
relatively continuous ran ge of baselines from 1000 to 4000” kmwhichcor-
respond exactly to the angular resolution required for the RSCVn radio
stars we observe. In addition, fut ureimprovements in sensitivity due to the
construction of the Green Bank Telescope and t he development of wider
bandwidth data recording systems (. g. Mark-1V) will allow a muchlarger
sample of radio stars (and other weak radio so urces) to be observed routinely
with VLBI.
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